INTRODUCTION
Measurement of the cell membrane capacitance is a useful assay to determine changes that occur in cell membrane area. This was first demonstrated by an experiment in which an increase in capacitance, measured in a suspension of sea urchin eggs, was observed to follow fertilization and exocytosis of cortical granules (Cole, 1935) . Subsequently, intracellular recording allowed capacitance increases to be measured in single sea urchin eggs (Jaffe et al., 1978) , and during exocytosis of synaptic vesicles in single isolated terminals of the squid giant synapse (Gillespie, 1979) . However, the amplitude of individual exocytotic events underlying the macroscopic capacitance increases could not be resolved in these experiments. Then in 1982, Neher and Marty, utilizing the whole cell current recording mode of the patch-clamp technique and a phase sensitive detector, measured the small changes in the plasma membrane capacitance associated with single granule fusion and membrane retrieval events in isolated bovine adrenal chromaffin cells. With this development, the measurement of membrane capacitance has become an important technique for studying exocytosis, endocytosis, and stimulus-secretion coupling mechanisms in a variety of cells (Neher and Marty, 1982; Fernandez et al., 1984; Zimmerberg et al., 1987; Breckenridge and Almers, 1987a, b; Neher, 1988; Mason et al., 1989; Schweizer et al., 1989) .
The phase detection technique measures changes in a sinusoidal membrane current that occur at a specific phase angle, 0, with respect to a sinusoidal voltage stimulus and which are proportional to changes in membrane capacitance. The change in current at 0 has to be calibrated in order to convert it into an equivalent change in capacitance. There are, however, several problems with the technique that limit the accuracy and range over which capacitance changes can be measured. The most severe of these is the fact that the impedance of a cell can change significantly during the course of a typical experiment. Since both 0 and the calibration depend on the cell impedance, large changes occur in 0 and in the calibration factor. Significant errors result if a stationary phase detector is used, and if the change in the calibration is not taken into account (Joshi and Fernandez, 1988) . Therefore, to obtain accurate capacitance measurements, it has been necessary to interrupt the recording to determine a new 0 and new calibration after significant impedance changes occur. This is time consuming and much of the capacitance data is lost. This paper will describe a new technique, called phase tracking, that is able to find 0 in real time throughout an experiment, and that eliminates the problem of the capacitance signal drifting out of phase with the detector. The technique can also track changes in the calibration scale that convert the current measured at 0 into units of capacitance. We evaluated the performance of phase tracking using an equivalent circuit model of the cell impedance, and also by following large numbers of exocy-totic events in degranulating mast cells. The use of phase tracking results in a dramatic increase in the reliability and amount of data obtained from single cells. A preliminary report of this work has appeared in abstract form (Fidler and Fernandez, 1989 (Fernandez et al., 1984) . Cell currents were recorded at room temperature.
Recording system Cell membrane current was recorded with an EPC-7 patch-clamp amplifier using the whole cell mode of the patch-clamp technique (Hamill et al., 1981) . The command potential of the amplifier was controlled by a PDP 1 1/73 computer and an INDEC Systems data acquisition interface. The stimulus voltage used for recording capacitance is a 60-mV, 833-Hz sine wave superimposed on a holding potential of about -10 mV. The output signal of the patch clamp amplifier was analyzed using a softwarebased phase detector (Joshi and Fernandez, 1988) . The sampling interval of the detector outputs in the experiment of Fig. 4 Neher and Marty, 1982, and Joshi and Fernandez, 1988 . We need to rewrite the equations from these references in terms of the cell impedance, Z, because with phase tracking we create changes in series resistance.
For the simple three-element equivalent circuit of a patch clamped cell in Fig. 1 Lindau and Fernandez, 1986 
The argument of AIc,, 6, is given by = r -2 tan-' (wCmRs).
The vector AIc, is the quantity of interest in measurements of membrane expansion because it is proportional to ACCm and orthogonal to AIR, and AIR. (caveat, see Neher and Marty, 1982 or Joshi and Fernandez, 1988 and Fernandez, 1988; Lindau and Neher, 1988 Fig. 1 A) .
Eq. 7 describes the dependence of 0 on the cell parameters. The predicted change in 0 from this equation over the Cm range 2-10 pF is plotted in Fig. 2 C (---------) Experimental confirmation of Eqs. 12 and 13 and the effect of using CF are illustrated in Fig. 3 Fig. 3) . Again, the experimental results coincide with the predicted error from Eq. 13 (-------). Also, compare the size of a 1 00-fF step change in Cm with and without phase tracking in the insets at 10 pF.
To correct this remaining error we used the method outlined in the calibration section. In the experiment of Fig. 3 we know exactly the starting and current value of Cm and can measure the magnitude of the projection at 0-900 for a constant amplitude AR, following each Cm increment. From Eq. 1 1, we determined CF and corrected the current changes obtained with phase tracking by this amount. This results in each corrected 100-fF step being equal in amplitude (error free) over the whole capacitance range (o, Fig. 3 The third trace in Fig. 4 shows the change that occurs in 0 as the cell degranulated. Note that the largest rate of change of 0 occurred during the steepest increase in capacitance, as expected, and that toward the end of the degranulation where the cell's impedance was fairly constant, 0 was also constant. The absolute value of 0 is unimportant; only the change in 0 is of interest. As seen, 0 increased -320 by the end of the degranulation. Because the series resistance decreased slightly in this experiment, the change in 0 was smaller than usual.
The capacitance data is still affected by the change in the proportionality between AICm and ACm. In Fig. 4 (R, and Cm) , again making the assumption that Rm >> 1 /wCm. We were able to calculate the absolute value of Cm in real time with no need for finding 0. However, this method was limited by the resolution of our analog to digital converter and was much less sensitive than the phase detection technique. It should certainly be possible to improve the sensitivity of such a method, and also to include other circuit elements to produce known perturbations of the cell current in order to calculate all three parameters, Cm, Rs, and Rm, in real time.
In this paper we have shown that phase tracking can be used to determine the appropriate phase angle at which to measure current proportional to capacitance changes, both in a model system and in mast cells. 
